Abstract: The objective of this research was to investigate the optimum fat to protein ratio (FPR) in Thai tropical Holstein dairy cattle. First parity data consisting of 20 492 milk yields (MY) records for 24 891 cows for the period 2001 and 2011, were used in the analysis. The analysis used a random regression test-day animal model of thirdorder Legendre polynomials through the creation of a covariance function based on different FPRs. Variance components were estimated using the Bayesian method via the Gibbs sampling. The estimated heritability of MY in relation to FPR ranged from 0.19 to 0.27 with the pattern being similar to the genetic variances. Genetic correlations of MY at different FPRs were high at consecutive FPRs and then declined to negative in response to greater differences in FPR. Based on the results, it is concluded that the optimum FPR is in the range of 0.9 to 1.9, corresponding to the genetically controlled energy balance for MY in tropical Holsteins.
Introduction
The interest in the health and fertility of dairy cattle has increased over the last decade. This partly reflects the trend of increasing interest in more sustainable farming systems. The past focus on the one-sided selection for increased milk yield has resulted in behavioral, physiological, and immunological problems in dairy cattle, due to negative genetic correlations between yield traits and fertility, health, and metabolic traits (Pryce et al. 1998; Rauw et al. 1998 ). This can result in increased farming costs and increased risks related to food safety (such as through the use of potentially harmful medicines), as well as concerns regarding animal welfare. A negative energy balance (NEB) describes the unfavorable relationship between milk yield and the associated problems in health and fertility. Collard et al. (2000) confirmed the unfavorable phenotypic correlation of NEB with health and fertility. In addition, the NEB has given cause to several postpartum diseases, such as retained placenta, metritis, mastitis, displaced abomasal disorders, and clinical ketosis (Ingvartsen et al. 2003; Toni et al. 2011) . After calving, milk production rises rapidly, reaching its maximum at 90 d in milk, whereas the increase in feed intake has not kept pace with rising milk production. The energy intake does not cover the animal's requirements during early lactation and, therefore, enters a period of NEB. In extreme states of NEB, dairy cows become metabolically stressed and develop increased incidences of disease and metabolic disorders (Goff and Horst 1997; Collard et al. 2000; Ingvartsen et al. 2003) . The rate of fat mobilization is directly related to the first ovulation and results in lower conception rates (Veerkamp et al. 2000) . In this energy deficit condition, cows mobilize fat from their body which reserves to balance the energy deficit in various tissues (Heuer et al. 1999) , and allocate glucose to the udder for milk synthesis. This biological process results in increased fat synthesis within the udder (Klein et al. 2012) . At the same time, inadequate intake of fermentable energy-spending carbohydrates can also cause insufficient protein synthesis through ruminal bacteria. The flow of amino acids to the udder is compromised, resulting in a decrease in milk protein content (Tetens et al. 2013 ). Both of these processes result in an increased milk fat to protein ratio (FPR; Buttchereit et al. 2010 ). The FPR is used primarily as a diagnostic tool to determine NEB, as well as several metabolic disorders and abomasal displacement (Heuer et al. 1999) . The optimum FPR has been previously established to be between 1.2 and 1.4 for healthy cows (Haas and Hofírek 2004) . A lower FPR (<1.2) indicates subclinical rumen acidosis, which endangers the cow's reproductive abilities, whereas a FPR greater than 1.4 reflects an energy deficit and possible subclinical ketosis. These findings have been further confirmed by Richardt (2004) ; it also being noted that rumen acidosis is suspected in when FPR is below 1.1. Heuer et al. (1999) found a higher risk of ketosis, displaced abomasum, ovarian cysts, and mastitis when the FPR is above 1.5. Using data for Italian Holsteins, Toni et al. (2011) reported that the culling rate for NEB was lowest among cows with a FPR of 1.0 to 1.5. In addition, a study of the receiver operating characteristics indicated that a FPR higher than 1.34 offers a fair prediction of reproduction problems in dairy herds (Podpečan et al. 2008) . The optimum FPR from these reports may vary among the populations, reflecting differences in breeds and evaluation techniques. The objective of this study was to assess the impact of FPR levels on the genetic variations in MY, as well as to determine the appropriated FPR range in Thai tropical Holsteins, using a random regression model.
Materials and Methods

Data management
Records on milk yield (MY), percentage of milk fat, and percentage of milk protein in first parity of . Further editing excluded irregular data for daily MY (<5 and >45 kg) and FPR (<0.25 and >3.64). A more detailed description of the data is given in Table 1 and Fig. 2a .
Model evaluation
In the first model, univariate analyses for MY were performed to determine the appropriate FPR within the given phenotypes. The statistical model based on HPMIXED procedure (SAS; SAS Institute, Inc., Cary, NC, USA) was written as follows:
where y ijklmn is the observation record for MY; HMY i is the random effect of ith combination of herd and test month-year (i = 1, : : : , 14 915); AC j is the fixed effect of jth age at calving groups ( j = 1, : : : , 4); BGMIM k is the fixed effect of kth combination of breed groups and MIM (k = 1, : : : , 8); YMC l is the fixed effect of lth combination of year at calving and month at calving (i = 1, : : : , 228); FPR m is the fixed effect of mth FPR for MY (m = 1, : : : , 17 593); a n is the random effect of nth cow for MY (n = 1, : : : , 17 593).
In the second model, the determination of appropriate FPR was ascertained through genetic analysis for MY in first parity, applying the third-order Legendre polynomials based on FPR value. Data were analyzed as a single trait. The resulting model for the analysis of MY is written as follows:
where y ijklmn is the average 5-40 DIM of the MY record of mth cow. HMY, AC, BGMIM, and YMC have similar meanings within the first model; a mn is the nth random regression coefficient for the additive genetic effect of mth cow by different FPRs; φ n (FPR t ) is a vector of covariate coefficients of the third-order Legendre polynomial evaluated at FPR t (t = 0.28, : : : , 3.21), describing the shape of the curve of random regressions; and ε is the random residual effect. The covariance structure of the model is written as follows:
where G is a 3 × 3 (co)variance matrix of the random additive genetic regression coefficients; A is the genetic relationship matrix among animals; I is an identity matrix of size m × m for additive genetic and permanent environment effect (m is the number of cows with records); R is residual variances; and H is a diagonal matrix having variances of the random HMY effects. Variance components were estimated using a Bayesian approach via the Gibbs sampling. Prior values were set arbitrarily as 1 for variances and 0.1 for (co)variances. Posterior means of covariance components were estimated using 200 000 samples after a burn-in of 100 000 samples. Additive genetic variance ðσ 2 a Þ and heritability (h 2 ) at different FPR for MY are calculated as follows:
where φ n (FPR t ) is 1 × 3 vector of Legendre polynomial at any FPR t; G is the (co)variance matrices for additive genetic random regression coefficients; σ 2 HMY is the random variance for HMY; and σ 2 ε is the residual variance. Genetic correlation of traits between ith FPR and jth FPR was estimated as follows: 
Results and Discussion
Determination of optimum FPR at phenotypic level
The evaluation of different FPRs on MY at phenotypic level included the same fixed and random effects as for the random regression but without a relationship matrix and regression coefficients for functional FPR (Fig. 2b) . The MY was relatively stable, with a range of 14.0-15.1 kg at most levels of FPR. However, a slight fluctuation was observed at FPR above 2.1. In addition, a slight decreasing trend was found at FPR of less than 0.9. The fluctuations in the high FPR may be due to the effects of an energy deficit (NEB), as suggested in the results of earlier studies when the optimum FPR ranged from 1.2 to 1.5 (Heuer et al. 1999; Podpečan et al. 2008; Toni et al. 2011) . The small number of high FPR samples might be another contributing factor to the variations. Overall, it is suggested that an FPR over 2.1 would appear to be based on individual sensitivity to NEB in Thai tropical Holsteins. The different FPRs as the critical threshold point for NEB might be explained by differences in breed, concentrate-based feeding, and the tropical environment.
Determination of optimum FPR at genetic level
The application of random regression models (RRTDMs) to study the genetic variation of MY affected by FPR in this study produced interesting results. The estimates of additive genetic variance for MY through combinations of (co)variance function of FPR are shown in Fig. 3a . Genetic variances for MY ranged from 2.7 to 4.4, with a pattern of decline at FPR less than 0.9, then gradually increasing after FPR reached 0.9, and then becoming constant at FPR over 1.9. Generally, the increasing trend of additive genetic variance when FPR increased could be explained by the individual genetic responses to energy deficiency. Cows with NEB would adapt differently to the metabolic load for fat mobilization and glucose regulation related to milk production (Weber et al. 2013) . Fat mobilization among cows responding to energy deficiency ranges from 8 to 57 kg and is driven by differences in gene expression (Tamminga et al. 1997; Klein et al. 2012) . We speculate that the requirement for nutrients increases during milk production, as well as for growth in first parity, and fetus growth in late lactation. The stimulation of genetic potential to support inadequate energy may also occur in response to inadequate feed intake or excessive heat. However, the need for fat mobilization contributes to the individual animal's adaptation of the energy metabolism to compensate for energy deficiencies. The increasing genetic variance suggests that there many genetic differences related to individual tolerance of NEB. In addition, the increasing additive genetic variance indicated the expression of the genetic potential regarding to possible selection for production systems (Bohlouli et al. 2013) . Residual variances for MY were at similar levels for different FPRs (results not shown). The estimated heritability of MY along the FPR ranged from 0.19 to 0.27 with a similar pattern to genetic variances. In addition, the standard deviations of heritability at different FPRs were between 0.03 and 0.05 (Fig. 3b) . The heritability of MY in this study was in the range of previous reports for tropical Holsteins (Boonkum and Duangjinda 2014; Endris et al. 2013 ). In addition, the oscillated of the heritability curve of MY revealed an imbalance of energy utilization leading to different individual genetic expressions of FPR effects outside the range of 0.9-1.9. The high heritability for MY reflected the genetic difference in cow sensitivity to NEB influence upon FPR, resulting in accuracy of genetic evaluation. Therefore, the results suggest that the threshold for optimum FPR corresponding to genetics-controlled energy balance for MY was 0.9-1.9. This appears acceptable with regard to high FPR corresponding to NEB, whereas the low FPR corresponded to ruminal acidosis (Heuer et al. 1999; Richardt 2004; Toni et al. 2011) . Genetic correlation at different FPR Genetic correlations of MY at different FPRs were highly positive for consecutive FPRs, then continuously decreased to negative when the FPR spreads further apart ( Table 2 ). The SD of the genetic correlation for MY at different FPRs is in a range of 0.004-0.029, reflecting the precision of the estimates. The result of moderate and negative correlations leads to the speculation that different FPRs affected different sets of genes controlling energy balance, which led to the low predictive value.
Conclusions
The milk FPR was revealed to be an indicator of the ability of cows to adapt to the demands of milk production and reproductive efficiency. In this study, the impact of FPR on the phenotypic and genetic variations in MY was investigated using a random regression animal model. The appropriate range for FPR to determine energy balance was set at 0.9-1.9 for responses in MYs. The results of this study also indicate that different FPR might affect different gene sets controlled MY. The high genetic variations outside the optimum range of FPR suggest that genetic selection for MY tolerance to NEB would be possible in tropical Holsteins. 
